C NMR spectra and correlation spectroscopy. The mechanism of the intramolecular heterocyclization reaction of ureas and carboxamide of endo-5-aminomethyl-exo-2,3-epoxybicyclo[2.2.1]heptane series has been studied at the BHandHLYP/6-31G(d) level of theory. Warsaw and Springer-Verlag Berlin Heidelberg. 
Introduction
Unlike other derivatives of bicyclic amines (carboxoamides, sulfonamides), ureas have been studied less extensively [1] . However, numerous compounds possessing significant biological activity have been found among them. Nitrosoureas exhibiting anticarcinogenic activity [2] have been obtained by using ureas as skeletal fragments (Scheme 1). Antiarrhythmic properties are among a range of biological activities characteristic of ureas 1a, obtained by reaction of the corresponding amines with alkyl-and arylisocyanates [3] . Furthermore, compounds 1b (R, R 1 = H, Alk) were shown to possess spasmolytic and hypnotic activities [4] and ureas of the 7-oxanorbornane series 1c are also known as thromboxane antagonists [5, 6] .
Pesticidal activity is also found among the compounds of this group. Thus, in a recent study it was shown that natural terpenes (camphor, camphene, fenhone) exhibit minor fungicidal and insecticidal properties [7, 8] . A significant increase in this activity has been discovered in ureas 1d-1f (R 1 ,R 2 =H, Alk, Ph). The substituted benzimidazoles, which include the fragments of norbornylureas [9] , are useful as antimycotic agents. In addition, ureas that use 2-(1'-amino-ethyl) bicyclo[2.2.1]heptane as a precursor have also been shown to possess pesticide activity [10] . Unsaturated ureas, particularly derivatives of stereoisomeric exoand endo-5-aminomethylbicyclo[2.2.1]hept-2-enes 2a, 2b, have been described in these studies [11, 12] . The purpose of the current investigation is to synthesize novel ureas based on stereoisomeric exo-and endo-5-aminomethylbicyclo[2.2.1]hept-2-enes 2a, 2b. Their spectral parameters will be analyzed and chemical behavior in alkylation and epoxydation reactions studied.
Experimental Procedures

General
All reaction solvents were dried and distilled immediately prior to use. Melting points were determined in capillary tubes and left uncorrected. Infrared spectra were recorded with a Specord 75-IR spectrometer using KBr pellets. 1 H NMR spectra were recorded at 400 MHz, and 13 C NMR spectra were recorded at 100.6 MHz with a Varian Gemini 400 spectrometer. Chemical shifts are reported in ppm relative to TMS in CDCl 3 . For thin-layer chromatography (TLC) analysis, TLC plates (Silufol UV-254) were used with ether as an eluent and iodine vapor as a developer. Elemental analyses were carried out using a Carlo Erba analyser.
The synthesis of unsaturated nitriles 3a, 3b and amines 2a, 2b were performed using methods described in the literature [13] [14] [15] [16] and the yields were 96 and 74%, respectively. The synthesis of amine 30 was also achieved using methods described in the literature [12] .
General procedure for the synthesis of ureas 5a -11a 5b-11b, 14a, 14b
A solution of amine 2a or 2b (2 mmol) in benzene (5 mL) was added to a solution of the corresponding isocyanate (2 mmol) in benzene (5 mL). Completion of the reaction was monitored by TLC. The precipitate formed was filtered off, washed with benzene, and dried. The ureas were recrystallized from benzene. 
N-(o-Methylphenylcarbamoyl)-exo-5-aminomethylbicyclo[2.2.1]hept-2-ene (5a)
N-(o-Methylphenylcarbamoyl)-endo-5-aminomethylbicyclo[2.2.1]hept-2-ene (5b)
General procedure for the synthesis of alkylureas 15a-e
The urea (2 mmol), tetrabutylammonium bromide (TBAB, 1 mmol), sodium hydroxide powder (7 mmol), and crystalline potassium carbonate (1.2 mmol) were added to a three-neck flask fitted with a backflow condenser, stirring rod, and thermometer. The mixture was dissolved in absolute benzene (10 ml) with stirring, and was heated at 40°С for 2 hours. The criterion for salt formation was the disappearance of the initial compound as revealed by TLC analysis. After formation of the salt, the temperature was increased to 60°С and a solution of benzyl chloride (2 mmol) in absolute benzene (5 ml) added dropwise. After complete addition, the temperature was increased to 70°С. The reaction was determined complete by TLC. Following cooling, the mixture was washed twice with water, the organic layer separated, and the aqueous layer washed tree times with ether. The combined organic layers were dried with calcined magnesium sulfate and the solvent removed. The crude product was purified by column chromatography (silica gel) with ether as the eluent. 
N-{(N`-Benzyl)phenylcarbamoyl}-exo-5-aminomethylbicyclo[2.2.1]hept-2-ene (15a)
N-{(N`-Benzyl)phenylcarbamoyl}-endo-5-aminomethylbicyclo[2.2.1]hept-2-ene (15b)
N-{(N`-Benzyl)-p-methylphenylcarbamoyl}-exo-5-aminomethylbicyclo[2.2.1]hept-2-ene (15c)
General procedure for synthesis of epoxyureas 20-26 and azabrendanes 28-37, 39
Method A
A mixture of the urea (2 mmol), carbamide (1 mmol) and 75% monoperoxyphthalic acid (4 mmol) in ethyl acetate (20 mL) was stirred at room temperature. Termination of the reaction was determined by TLC monitoring. After neutralization of the reaction mixture by addition of a saturated solution of sodium hydrocarbonate, the organic layer was separated and dried with calcinated magnesium sulfate. The solvent was removed by distillation. The product was recrystallized from benzene or 2-propanol.
Method B
To a stirred mixture of the urea (2 mmol), phthalic anhydride (4 mmol) and carbamide (1 mmol) in ethyl acetate (20 mL), was added dropwise a 50% hydrogen peroxide solution (4 mmol). Termination of the reaction was determined by TLC monitoring. After the usual treatment, the organic layer was isolated, dried with calcinated magnesium sulfate, and the solvent removed. The product was recrystallized from benzene or 2-propanol.
Method C
To a stirred mixture of the urea (2 mmol) and sodium carbonate (4 mmol) in chloroform (10 mL), was added dropwise a 40% solution of peroxyacetic acid (4 mmol). After 3 hours the reaction mixture was treated by the usual method, and the solvent was removed. The product was recrystallized from benzene or 2-propanol.
Method D
To a stirred mixture of the urea (2 mmol), sodium hydrocarbonate (4 mmol) and acetic anhydride (4 mmol) in chloroform (10 mL), was added dropwise a 50% hydrogen peroxide solution (4 mmol). Termination of the reaction was determined by TLC monitoring. The product was recrystallized from benzene or 2-propanol.
Method E
A solution of amine 27 or 38 (2 mmol) in benzene (5 mL) was added to a solution of the corresponding isocyanate (2 mmol) in benzene (5 mL). Completion of the reaction was monitored by TLC. The precipitate formed was filtred off, washed with benzene, and dried. The products were recrystallized from benzene. 
N-(Phenylcarbamoyl)-exo-5-aminomethyl-exo-2,3-epoxybicyclo[2.2.1]heptane (18)
N-(o-Methylphenylcarbamoyl)-exo-2-hydroxy-4-azatricyclo[4.2.1.0]nonane (29)[3,7]
White solid; mp 251. 
N-(p-Chlorophenylcarbamoyl)-exo-2-hydroxy-4-azatricyclo[4.2.1.0]nonane (32)[3,7]
White solid; mp 210-212°С; 84% (method b) yield. 
N-(p-Bromophenylcarbamoyl)-exo-2-hydroxy
N-(p-Nitrophenylcarbamoyl)-exo-2-hydroxy
N-(Benzylcarbamoyl)-exo-2-hydroxy-4-azatri
N-(N`-Benzyl-p-chlorophenylcarbamoyl)-exo-
Results and Discussion
Synthesis of ureas
Stereochemically homogeneous ureas have been synthesized from carbonitriles 3a, 3b, the latter obtained by fractional distillation of the product mixture deriving from the diene synthesis of cyclopentadiene with acrylonitrile [13] [14] [15] [16] . Carbonitriles 3a, 3b gave exoand endo-5-aminomethylbicyclo[2.2.1]hept-2-enes 2a, 2b upon treatment with the lithium aluminum hydride (LAH). Whilst reduction of exo-carbonitrile 3a gave exoamine 2a as the sole product, the reduction of endonitrile 3b was accompanied by epimerization and the formation of 6-9% admixture of amine 2a [17] .
A number of racemic ureas 4-14 have been synthesized from amines 2a, 2b by reaction with aryl-, benzyl-, cyclohexyl-, and adamantylisocyanates (Scheme 2). The ureas were obtained in consistently high yields when conducting reactions in dry benzene at room temperature and using equimolar quantities of amines and Isocyanates. The completeness of all reactions was monitored by TLC.
Ureas 4, 7, 8, 12, 13 have been previously described [11, 12] . All remaining ureas were synthesized for the first time in the current study. IR spectra of synthesized ureas contain all necessary absorption bands for this functional group class. The 1 H and 13 C NMR spectra of exo-and endo-ureas were found to be very similar to those of sulfonamides [15, 16, [18] [19] [20] , carboxamides [21, 22] , and previously studied ureas of the norbornene series [12] . The signals were assigned by comparison with the 1 H NMR spectrum of initial amine 2a, for which a two-dimensional (COSY) spectrum was obtained.
Alkylation of ureas
The first reactivity studies of the synthesized ureas involves alkylation with alkyl chlorides. With two aminio groups in proximity to the carbonyl group, these ureas possess two potential reaction sites. Each amino group has a different electronic environment resulting from the proximity of acrylic or arylic substituents. Alkylation with benzyl chloride under conditions of phase-transfer catalysis has been studied for ureas 4a, 4b, 6a, 6b, and 9b. While attempts to conduct reactions in a classic liquid/ liquid system were unsuccessful; a solid/liquid phase system provided the desired results. The products of alkylation of ureas 15c-e have been obtained similarly.
The regioselectivity of the alkylation is supported by comparison of the properties and spectral data of compounds 15a-d with those of analogue 16. The latter is not formed under the conditions described in Scheme 3, but has been previously synthesized [22] according to Scheme 4.
In the 1 H NMR spectra of compounds 15a-d and 16, protons of the NH groups resonate in the region 4.45-4.28, and 6.31 ppm, respectively. The methylene protons of stereoisomeric ureas 15a-d are equivalent (4.87-4.17 ppm), whereas the analogous signals in urea 16, which are spatially approximate to the skeleton, are nonequivalent (4.65 and 4.54 ppm) and split into doublets with a geminal constant of 16.6 Hz. The obtained data confirms the significant distinctions between structures of alkylated ureas 15a-d and compound 16. The observed chemoselectivity of the alkylation is due to the higher acidity of the protons neighboring the benzene rings and their preferred detachment under conditions of phase-transfer catalysis.
Epoxidation of ureas
One of the most interesting aspects of the epoxydation of substituted norbornenes is the dependency of direction on the nature and orientation of the substituents in the bicyclic fragment [20] . The reaction of exostereoisomers with peroxy acids usually proceeds normally and is terminated by the formation of epoxides [19] [20] . The behavior of endo-stereoisomers, however, depends on the nature of substituents present. In the case of acids, esters, and carboxamides, reaction with peroxy acids terminates with the formation of lactones [25] [26] [27] . Ambiguous results have been obtained in the epoxydation of N-substituted endo-5-aminomethylbicyclo[2.2.1]hept-2-enes, viz., sulfon-and carboxamides. In particular, arylsulfonamides 17a, give heterocyclization products on reaction with peroxyacids (N-(arylsulfonyl)-exo-2-hydroxy-4-azatricyclo[4.2.1.0] nonanes [3, 7] ) 18]. Furthermore, amides 17b react with peroxy acids to produce alternative products, namely endo-5-acylaminomethyl-exo-2,3-epoxybicyclo[2.2.1] heptanes (Scheme 5) [21] .
The main result of the study, obtained by solving the "structure-property" problem, is the establishment of a different direction for the reactions of exo-and endostereoisomeric ureas with peroxy acids. In contrast to amide analogs [25] [26] [27] , the epoxydation of ureas possessing endo-substituents in the norbornene fragment does not result in epoxides. Instead, it is accompanied by heterocyclization and leads to substituted azabrendanes. In order to study the contribution of the stereoelectronic (polar) and steric contributions to the oxidation pathway, we have studied arylureas with different substituents on the benzene ring (CH 3 , Cl, Br, NO 2 ) and ureas with bulky substituents at the nitrogen atom (mesityl, cyclohexyl, and adamantane fragments). The preliminary results of the study have been already reported [28] . The epoxydation of ureas with exo-substituents has been performed using a range of peroxy acids. The action of the peroxyphthalic acid, in two modifications (crystal state − method A, and at the moment of formation from phthalic anhydride and 30-50% aqueous hydrogen peroxide − method B) has been studied using compound 4a. Peroxyacetic acid was used as an aqueous solution (method C) and also at the moment of formation from acetic acid and 30% aqueous hydrogen peroxide (method D). Expoxide yields were excellent in all cases and constituted (87-93%). Other epoxide derivatives of ureas 19-26 have been similarly obtained using method B, with ethylacetate and chloroform as solvents (Scheme 6). Generally, all reactions were complete within 24 hours (as monitored by TLC).
Epoxide 20 has been previously reported by our group [12] . An identical approach was used to obtain epoxide 18 in the current study. This method included epoxydation of nitrile 3a, with subsequent chemoselective epoxide reduction using lithium aluminum hydride. Epoxyamine 27 has been converted into epoxides 18, 20 by the action of corresponding arylisocyanates (Scheme 7).
The IR spectra are not substantially informative for structural confirmation of compounds (18) (19) (20) (21) (22) (23) (24) (25) (26) as both characteristic absorption bands (860-850 cm -1 , ν C-O, 3040-3020 cm -1 , ν C-H of the epoxynorbornane fragment) occupy the same regions as the benzenering bonds vibrations. However, the signals of the H 2 and H 3 protons of the epoxide cycle, in the 2.9-3.1 ppm region of the 1 H NMR spectra, are characteristic of epoxy compounds [23, 24, 29, 30] . Additional, important proof for the epoxide structure was the shift to high field (0.84-0.66 ppm) of the signal of one of the protons (H 7a ) at the bridge carbon atom, a phenomenon caused by the influence of the magnetic field of the threemembered ring. Moreover, in the 13 C NMR spectra of the epoxy derivatives , signals corresponding to nuclei of the epoxy cycle (50-52 ppm) replaced those of the C 2 and C 3 carbon nuclei in the norbornene fragment (136-137 ppm). Accompnaying this is a significant (20-25 ppm) upfield shift in the signal from carbon bridge (C 7 ) [29, 30] . Collectively, this data provides strong evidence for formation of epoxides with exo-orientation of the epoxy cycle from ureas with an exo-substituent in the norbornene fragment.
The epoxydation of ureas of the endo-series 4b, 5b, 7b-14b led to the formation of a new group of ureas possessing the heterocyclic skeleton of 4-azatricyclo[4.2.1.0]nonane [3, 7] (Scheme 8). The same methods (A-D) have been employed as those used for the exo-isomer analogues. Thus, urea 4b has been oxidized using all the aforementioned methods, furnishing the single azabrendane product 28 in all cases and in consistently excellent yields (86-90%).
Compound 31 has been previously obtained from azabrendane parent compound 38 , by chemo-, regio-, and stereoselective reduction of endo-5-cyano-exo-2,3-epoxybicyclo[2.2.1]heptane (Scheme 9) [31] .
The IR spectra of compounds 28-37 include absorption bands characterisitic of the amide group. Two bands in the 3440-3200 cm -1 region, assigned to vibrations of the NH and OH groups, are observed in the majority of the spectra. The bands in the 860-850 cm -1 region, which are characteristic of epoxynorbornanes, are absent from the spectra. The epoxidation of alkylated urea 15e has been carried out by reaction with peroxyphthalic acid. The structure of azabrendane 39 has been confirmed using both spectral data and alternate synthesis from azabrendane 32. This evidence serves to also confirm the regiochemistry of the ureas alkylations described above (Scheme 10).
Quantum-chemical calculations
The formation of azabrendanes by reaction of endoureas with peroxy acids proceeds with the formation of an epoxide as an intermediate compound. Recently, we have shown that the oxygen-transfer step for the reaction of olefins with peroxy acids is followed by a fast proton transfer and epoxy ring closure step [33] . A detailed analysis of the potential energy surface (PES) of endoamine (2b) interaction with peroxyacetic acid at the UBHandHLYP/6-31G(d) level of theory showed that there is no pathway on the PES that would correspond to the formation of the azabrendane before epoxy ring closure. Thus, we conclude that the formation of azabrendanes is a step-wise process, which includes the formation of a corresponding epoxide and its intramolecular opening by a nitrogen-containing substituent [34] .
We have performed a quantum-chemical study of the heterocyclization of ureas 40-48, for which cyclization was revealed to be typical, and for carboxamide 49, which does not form an azabrendane system. Since the interaction of peroxy acids with olefins results in formation of an intermolecular "epoxide -acid" complex, a molecule of formic acid was explicitly considered in the modeling of the electrophilic activation of an epoxy ring.
The calculations have been performed at the BHandHLYP/6-31G(d) level of theory [35, 36] using the Gaussian 03 package [37] . The geometries of the transition states and pre-reaction complexes for the aforementioned model (Scheme 11) have been fully optimized in vacuo and the transition states were verified to have only one imaginary frequency vibrational mode that connects the reactants and the products. The influence of a polar solvent on the activation barrier has been estimated in the framework of the SCRF model [38] at the same level of theory for the optimized in vacuo 
32 15e
40-70 0 C geometry. A dielectric constant (ε = 6.02), which formally corresponds to the bulk of ethylacetate, has been used. The obtained data are reported in Tables 1, 2. The calculated activation energy for carboxamide 49 is remarkably higher compared to that for ureas 40-48, both in vacuo and in situ. In order to explain such distinctions in the reactivity of those compounds, we have carefully studied the obtained geometries of transition states as well as pre-reactional complexes for each of them.
There are two types of transition state geometry for ureas 40-48 (see Scheme 11) , which differ in the position of the formic acid proton: the first one is characterized by a proton transfer from the formic acid molecule to the epoxy oxygen atom (structures 40, 41, 43-46); in the second type, no such proton transfer occurs (ureas 42, 47, 48). The transition state structures are characterized by the hydrogen bonds formed between the hydrogen atom of the formic acid molecule and the epoxy oxygen atom of the substrate. The lengths of these bonds are about 1.329-1.395 Å. Additional hydrogen bonds are also formed between the carbonyl oxygen atom of the formic acid molecule and the hydrogen atom near the far-off cage nitrogen for the whole series of ureas. The lengths of those bonds are in the 1.762-1.896 Å range (Scheme 11). Such additional H-bonding in the transition states of structures 40-48 have made them more stable in comparison with carboxamide 49, where additional hydrogen bonds are absent.
According to the calculations (Table 1) , the p-nitrophenylderivative 46 is characterized by the highest activation energy among the ureas. This is due to the strong electron withdrawing ability of the substituent, which decreases the nucleophilicity of the attacking aminogroup. High activation barriers for the o-methylphenyl-(41), mesityl-(42), cyclohexyl-(47) and adamantyl-(48) heterocyclizations in ethyl acetate solution are most likely a result of steric factors. An important role of the latter is determined by the substrate structure. Thus, attack of the nitrogen atom bearing a bulky substituent is hindered by a negligible effective size of the rear area of the bicyclic skeleton containing the substituent. The rest of the ureas are characterized by relatively similar activation barriers.
In the next stage of our investigation, we have estimated the energies of H-bonds in the complexes of the phenyl-derivative 40 and non-substituted epoxynorbornane 50. For that purpose, we have calculated the changes in basis set superposition error (BSSE) corrected energies for formation of each of the structures (Scheme 12) from its respective components. By subtracting the H-bond energy in structure 50 (33. Finally, the structures of tricyclic azabrendanes for ureas 40 and 47 have been obtained using the same quantum-chemical procedure. The geometry of products was fully optimized in vacuo from the starting points of corresponding transition states. Some details are presented in Scheme 13. One can see that the formation of the new C-N bond occurs simultaneously with the formation of a hydrogen bonding between the hydrogen atom that is close to the cage nitrogen atom and the oxygen atom of the formiate anion. 
Conclusions
The obtained data establishes the key role of a steric factor in the reaction pathway of the norbornene series ureas with peroxy acids. Only in the reactions of endoureas possessing substituents in a rigid skeleton fragment does the favorable intermolecular rear attack of the nitrogen atom onto the electrophilic centers of activated epoxynorbornanes become possible (and subsequently occur). Intermolecular opening of the epoxynorbornanes is hindered due to steric constraints [32] . This was indirectly confirmed in this study by the demonstrated stability of the exo-epoxide series during their synthesis using peroxy acids obtained in situ without the use of concentrated hydrogen peroxide. 
